ABSTRACT The nitrogen dynamlcs of an eelgrass Zostera manna L population were assessed dunng an annual cycle by using measurements of seasonal changes In eelgrass blomass, production, losses and nitrogen content of different plant tissues Estimated nitrogen uptake and reclamation (mternal recychng) were compared to incorporation and theoretical requirements to assess the role of different nltrogen sources and recycling and to determine penods of potential nitrogen llrmtation Maxlmum eelgrass biomass was 700 g dry wt m-', annual production was 2388 g dry wt m-', and total nitrogen lncorporatlon was 34 5 g N m-2 yr ' Eshmated nltrogen requirements exceeded actual ~ncorporalon from June to September Although eelgrass growth was moderately stunulated by ferthzat~on of the sediment, the eelgrass populahon d~d not appear to be senously nitrogen llrnlted Nitrogen uptake from the external medla (49% from water column and 51 % from sediment) supphed 73 % of annual incorporation while Internally reclaimed nitrogen accounted for 27 % Reclamahon provlded the maln contnbut~on to Incorporation Into newly formed tissue In May and June support~ng hlgh growth rates when external nltrogen availab~llty was low Externally recycled nitrogen in the sedunent could potentially lncrease total recychng to about 50 % of plant nitrogen incorporation
INTRODUCTION
Eelgrass Zostera marina L. is the dominant seagrass in north-temperate coastal areas, with maximum biomasses of 200 to 700 g dry wt m-' and production rates reaching 1000 to 2000 g dry wt m-' yr-' (Jacobs 1979 , Zieman & Wetzel 1980 , Aioi et al. 1981 , WiumAndersen & Borum 1984 , Roman & Able 1988 . Maintenance of high productivity requires high nutrient incorporation and eelgrass populations have been reported to suffer from nutrient limitation during summer (Orth 1977 , Harlin & Thorne-Miller 1981 , Dennison et al. 1987 , Short 1987 , Murray et al. 1992 ). Yet, most of the eelgrass production occurs during summer, when nutrients are scarce and other autotrophs (phytoplankton and ephemeral algae) may suffer from severe nutrient limitation (Harlin & Thorne-Miller 1981 , SandJensen & Borum 1991 .
Eelgrass takes up nitrogen from both the water column and the sediment porewater (Iizumi & Hattori 1982 , Thursby & Harlin 1982 , Short & McRoy 1984 , and both nutrient sources seem to contribute substantially to total uptake under most in situ nitrogen conditions (Zirnmerman et al. 1987 , Hemrninga et al. 1991 . Despite the large sedimentary nitrogen pool, eelgrass nitrogen content declines during spring and summer (Harrison & Mann 1975 , Thayer et al. 1977 , Pellikaan & Nienhuis 1988 , demonstrating that uptake is unable to meet the nitrogen demands during rapid eelgrass growth.
The nutrient content of seagrass tissues declines with increasing tissue age (Patriquin 1972 , Harrison & Mann 1975 , Thayer et al. 1977 , Walker 1989 inferring that nutrients are either leached to the external media or reclaimed from old tissues before these are lost. Reclamation of nutrients is a well-known mechanism of nutrient conservation among terrestrial plants (e.g. Chapin 1980) , where reclaimed nutrients contribute to the incorporation in young, growing tissues, thereby reducing the demand for external supplies. Two independent experiments based on I5N-techniques have shown that nitrogen reclamation also occurs in eelgrass and that more than 90% of the nitrogen lost from old eelgrass tissues was recovered in young leaves or rootsrhizomes, while only 5 to 10 % of the reclaimed nitrogen could have been lost to the external media (Borum et al. 1989 , Pedersen & Borum 1992 . Assuming that the low figures of nitrogen loss through leaching can be extrapolated over the total annual cycle, the importance of internal nitrogen recycling for annual nitrogen incorporation can be estimated from seasonal changes in the nitrogen contents of eelgrass tissues of different age.
The need for import of 'new' nitrogen to the eelgrass bed may be further reduced by external regeneration of nutrients from decaying eelgrass tissues within the meadow. Dead roots and rhizomes, together with part of the shed leaves, decompose within the sediments of the eelgrass bed in close contact with active roots (Kenworthy & Thayer 1984 , Harrison 1989 , thereby giving rise to uptake of 'regenerated' nitrogen. The annual production of well-developed eelgrass meadows may thus be based upon a great deal of internally and externally recycled nitrogen. However, 'new' nitrogen taken up as inorganic nitrogen from the water column or imported as settled seston-bound nitrogen, is needed to balance losses of nitrogen due to export of plant tissues from the meadow (Josselyn et al. 1983 , Bach et al. 1986 ), denitrification in the rhizosphere (Koike & Hattori 1978 , Iizumi et al. 1980 , Caffrey & Kemp 1990 ), or to increase meadow size and density.
In the present paper we report eelgrass biomass, annual production, biomass losses, and seasonal changes of nitrogen content in different tissues. From these measurements we estimate nitrogen requirements, incorporation, losses, uptake, and reclamation for the eelgrass population. The aims were to examine the significance of different external and internal nitrogen sources relative to the annual nitrogen incorporation, and to determine temporal changes in the balance between nitrogen requirements and incorporation and thereby periods of potential nitrogen limitation.
MATERIALS AND METHODS
Study site and environment. The study was conducted from April 1988 to July 1989 in a homogeneous eelgrass bed located in 0resund approximately 10 km north of Copenhagen (the same site used by WiumAndersen & Borum 1984) . Mean water depth in the area was 1 m (0.7 to 1.3 m). The sediment of the seagrass bed consisted of coarse-grained sand and gravel.
Concentrations of inorganic nitrogen in the water and the sediment porewater were measured 14 times during the study period. Five sediment cores (diameter 5 cm) were taken to 10 cm depth, placed in closed plastic bags and kept frozen until analysis. The porewater was separated from the sediment by direct filtration through a Whatman GF/C filter (under vacuum) and subsequently analysed for ammonium by the hypochlorite method (Solorzano 1969) . Nitrate was not measured in the porewater because levels are reported to be insignificant in anoxic sediments (Boon 1986) . Triplicate water samples were taken within the seagrass bed and were filtered (Whatman GF/C) and analysed for ammonium (Solorzano 1969 ) and nitrate (Strickland & Parsons 1968) .
Eelgrass biomass and production. Biomass and shoot density were measured 11 times during the study period by harvesting all living plant material in 4 randomly chosen circular plots (0.125 m'). Plants were cleaned, counted and separated into leaves and roots-rhizomes, and subsequently dried to constant weight at 90°C. Growth measurements were performed by the in situ leaf marking method (Sand-Jensen 1975 ). An eelgrass turf (40 X 60 cm) including sediment was removed from the bed and placed in a plastic box. The leaves of at least 30 shoots were marked with a waterproof felt pen (Pen01 700) just above the leaf sheet of Leaves 4 to 6 (Fig. 1 ). The box with sediment and plants was returned to the eelgrass bed and left for the period needed for one new leaf to be produced (subsequently discussed as a plastochrone interval, P.I.) and then harvested. A plastochrone interval is approximately 8 to 25 d. Leaf growth was measured as the displacement of marks on young leaves relative to the marks on the older (Leaves 4 to 6), non-growing leaves (which were used as reference points) plus the total length of newly formed leaves.
Nutrient limitation of leaf growth rate was assessed from fertilization experiments by adding nutrients to single (unreplicated) Rhizome segments 1989) mental areas (0.24 m2). The resulting leaf growth rates of 20 to 30 marked plants were compared to leaf growth rates from unenriched (control) areas as stated above. Due to lack of proper replication data points were tested as pairs of individual means using Wilcoxon ranked sign test.
Leaf production was calculated as the product of average leaf growth rate (cm shoot-' d-l), shoot density (m-'), and specific weight of Leaf 4 (g dry wt cm-'). Rootrhizome growth was estimated from the P.I. (because 1 internode is produced per leaf produced). Root-rhizome production was calculated as the product of average internode production (d-l), weight of fully grown internodes and associated roots (g dry wt internode-') and shoot density (m-2). Monthly and annual production were calculated by linear interpolation.
Monthly loss of above-and below-ground biomass was calculated as
where B, and B. are the biomass (g dry wt m-2) at the beginning and at the end of a month respectively. Production and losses are in g dry wt m-' month-'. Loss of above-ground biomass occurs due to leaf shedding and disappearance of whole leaf bundles. The number of leaves lost per plant per month was calculated as
To calculate above-ground biomass loss due to leaf shedding, the number of leaves lost was multiplied by the specific weight of the oldest leaf (g dry wt leaf-') and shoot density (m-2). Monthly loss of whole leaf bundles was calculated as the difference between total loss and loss due to leaf shedding.
Plant dimensions and nitrogen content. Eelgrass plants were collected 12 times during the study period for measurements of dimensions and N content. On each sampling date 9 plants ( Fig. 1 ) were cleaned and separated into individual plant parts (i.e. Leaves 1 to 6 of increasing age; and rhizome groups I to 111, I: the 3 youngest internodes with undeveloped roots, 11: the next 4 internodes with well-developed roots and Ill: the 3 oldest internodes with senescent roots). Agespecific leaf length, area and dry weight (90°C to constant weight) were recorded for the leaves, and age-specific dry weight was measured for each rootrhizome group. Nitrogen content was determined on dried, ground samples of the different plant tissues using a Perkin Elmer CHN elemental analyzer. Total plant-bound nitrogen was calculated as the product of eelgrass biomass (g dry wt m-2) and average nitrogen content (mg N g-' dry wt).
Nitrogen dynamics. Requirements, actual incorporation, uptake and reclamation of nitrogen for the eelgrass population were computed and integrated on a square meter basis from eelgrass biomass, production, losses and nitrogen contents of the different tissues. Nitrogen requirements were calculated as eelgrass production, using growth rates of fertilized plants, multiplied by critical nitrogen levels (sensu Gerloff & Krombholz 1966) of leaves and roots-rhizomes. Critical nitrogen levels, above which eelgrass growth should not be limited by nitrogen availability, were 1.8% of dry wt for leaf bundles (Short 1987 , Duarte 1990 ) and 1.0 % of dry wt for roots-rhizomes. The critical level for roots-rhizomes was arbitrarily chosen as the observed nitrogen content of below-ground plant parts at the time when average nitrogen content of leaves was 1.8 % of dry weight. Nitrogen incorporation associated with growth was calculated as production multiplied by the nitrogen concentration of fully grown plant parts (Leaf 3 and root-rhizome group 11). Nitrogen losses were calculated as monthly biomass losses multiplied by average nitrogen concentrations of the oldest leaf (Leaf 6) or oldest root-rhizome group (rootrhizome 111), respectively. Loss of nitrogen related to loss of leaf bundles (e.g. flowering shoots) was estimated by using average nitrogen content of whole leaf bundles. Uptake of nitrogen was calculated as monthly net increase in nitrogen biomass plus nitrogen losses, and nitrogen reclamation was determined as the difference between incorporation and uptake.
Nitrogen uptake via roots and leaves could not be separated by the computations described above. Root versus leaf uptake was estimated using the kinetic constants (V, , and K,) reported by Iizurni & Hattori (1982) , the data for leaf and root-rhizome biomass, and the concentrations of dissolved inorganic nitrogen in water and sediment porewater. The uptake lunetics represent summer uptake only and likely overestimate absolute values of uptake outside this period due to the inverse relationship between uptake rates and nitrogen content within plant tissues (e.g. D'Elia & DeBoer 1978). Uptake may also be suppressed by low light and low temperature (Lobban et al. 1985) . However, we assumed that the relative contribution of leaf and root uptake was unaffected by season and thus used the ratio calculated from uptake hnetics to describe the relative importance of leaf versus root uptake.
Error estimation. Since the figures of nitrogen dynamics were calculated as combinations of many individual parameters, each measured with error, we used a bootstrap procedure (Efron & Tibshirani 1986) to estimate means and standard errors for the combined results. The individual variables were assumed to be normally distributed with observed means and standard deviations (n varied between 3 and 25), and standard errors of the combined results were computed using Monte Carlo resampling (n = 100) of the different individual variables combined.
RESULTS

Inorganic nitrogen in water column and sediment
Concentrations of NO< + NOT in the water column were up to 6 pM in winter and spring but below 1.5 pM from May to September (Fig. 2A) . Water column NH,' ranged between 1 and 5 pM with lowest concentrations during early summer. Sediment porewater NH; were always at least l order of magnitude higher (240 to 1300 yM) than water column concentrations (Fig. 2B) . Porewater concentrations were highest in winter and relatively low (240 to 300 PM) throughout summer and fall.
Eelgrass biomass development and production Maximum eelgrass biomass (710 g dry wt m-') was reached in August 1988 and minimum biomass (130 g dry wt m-') was found in April 1989 (Fig. 3A) . Leaf biomass exceeded root biomass during summer (root:shoot ratio = 0.55) and vice versa in late winter and early spring. Shoot density ranged from 1320 to 2080 shoots m-2, and the number of leaves per shoot varied from 4.7 in late summer to 6.9 in spring (data not shown). Daily leaf growth rates reached a maximum in in early June to more than 50 d in winter. Nutrient addition resulted in a moderate (-7 to +2? %), though overall significant (Wilcoxon, p < 0.05), increase of leaf growth rates relative to controls (Fig. 3B) . Total eelgrass production ranged from 1.5 g dry wt m-' d-' during winter to 24 g dry wt m-2 d-' in June (Fig. 3C ) resulting in monthly production rates from 49 g dry wt m-2 in February to 586 g dry wt m-2 in June. Annual production (July 1988 to June 1989) was 2388 g dry wt m-2 corresponding to 907 g C m-2 with 66 % above-ground and 34 % below-ground. Annual eelgrass losses due to leaf shedding, loss of whole leaf bundles (including flowering shoots), and senescence of old roots-rhizomes represented 2657 g dry wt m-* and thus cscc?tfed annual production. Losses followed the seasonal pattern of production with a time lag of ca 2 mo, which is similar to the average life span of eelgrass leaves.
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average concentration in whole leaf bundles was below 1.8% of dry weight from early June to mid-October. 
Individual leaves
B similar seasonal pattern as in leaves although at a lower level (0.6 to 1.6% of dry weight). Nitrogen concentrations of individual leaves changed with season and declined with increasing age (ANOVA, p < 0.01) (Fig. 4B) . In April, however, all leaves had approximately the same concentration, simultaneous with the highest average concentration of nitrogen in the aboveground biomass. Fast growth in spring enhanced diiferences among leaves, which were maintained until next spring. Nitrogen concentrations in the different rootrhizome groups (Fig. 4C ) also declined with age (p<0.01), and the age patterns followed the same seasonal variations as those of leaf concentrations. The total amount of plant-bound nitrogen (Fig. 5) varied from 4 to 10 g N m-', with highest amounts in the aboveground biomass. Seasonalvariation was buffered by the inverse relationship between eelgrass biomass and nitrogen content. Total plant-bound nitrogen declined throughout the study period due to the net reduction in eelgrass biomass (Fig. 3A) . (Fig. 6 ) , and the annual incorporation (July 1988 to June 1989) was 34.5 g N m-2. The nitrogen requirements exceeded incorporation from June to September 1988 and again in June 1989, whereas incorporation exceeded requirements during the rest of the year. Nitrogen uptake was high from April to October 1988 and, although at a lower level, again in spring 1989. Nitrogen uptake varied between 28 and 165 mg N m-2 d-' and covered plant requirements from October to April. On an annual basis nitrogen uptake accounted for 73 % of total nitrogen incorporated into growing tissues. Reclamation of nitrogen from old tissues accounted for By using the kinetic parameters described by Iizurni & Hattori (1982), we estimated that total annual nitrogen uptake was 50 g N m-2 and that uptake by roots covered between 38 and 64 % of total uptake. Roots (50.6 %) and leaves (49.4 %) contributed equally to total annual uptake. Annual nitrogen uptake was 25.3 g N m-' when calculated from the eelgrass growth and population dynamics. Losses exceeded uptake due to the net decline in total plant-bound nitrogen during the study period.
DISCUSSION
Annual rates and patterns of biomass, production and losses resemble those in comparable data published on Zostera marina (Sand-Jensen 1975 , Jacobs 1979 , Wium-Andersen & Borum 1984 , Roman & Able 1988 , although maximum biomass and annual production are in the upper range of reported values. Annual production rates exceeding 2000 g dry wt m-' are among the highest reported for coastal ecosystems. Although eelgrass tissues are relatively low in nitrogen compared to levels found in fast-growing phytoplankters (Duarte 1992) , the associated nitrogen incorporation of 34.5 g N m-2 yr-' is high and at about the same level as annual nitrogen incorporation of phytoplankton in productive coastal waters.
Nutrient availability is often low during summer in coastal waters due to substantial uptake by autotrophic organisms, and nutrient limitation of seagrass growth and biomass development has been documented in several studies, e.g. Zostera marina (Orth 1977 , Harlin & Thorne-Miller 1981 , Short 1987 , Murray et al. 1992 , Heterozostera tasmanica (Bulthuis & Woelkering 1981 , Bulthuis et al. 1992 , Syringodium filiforme (Short et al. 1985 , Powell et al. 1989 , Short et al. 1990 ) and Cymodocea nodosa (Perez et al. 1991) . The nitrogen content of plant tissues has been used as an indicator of the nutritional status of submerged macrophytes (Gerloff & Krombholz 1966) , and according to Short (1987) and Duarte (1990) seagrass growth is nitrogen lunited when average nitrogen concentrations in the leaves decrease below 1.8 % of dry weight. In the present study average nitrogen concentrations were below that limit from June to mid-October, consistent with the imbalance between requirements and uptake in this period (Fig. 6) . However, according to the fertilization experiments, eelgrass growth seemed only moderately limited by low nutrien.t availability, and effects of fertilization were not exclusively confined to the period of low nitrogen content. From the lack of major responses to fertilization and from the observation of sustained high leaf growth rates throughout summer we infer that variables other than nutrients, such as light, must have been the main controlling factor for eelgrass growth (Sand-Jensen & Borum 1983 , Dennison 1987 .
The large annual nitrogen incorporation into new tissues was supported by uptake from the external media and by internal recycling, but the relative importance of these sources varied with season as a function of changes in external and internal nitrogen availability. Nitrogen uptake covered the major part of annual incorporation, and, estimated from kinetic parameters (Iizumi & Hattori 1982) , both water phase and sediment appeared to be important sources of nitrogen. We calculated root uptake to be most important in May and June, when inorganic nitrogen in the water column was depleted and leaf biomass relative to root-rhizome biomass was still low. With increasing availability of nitrogen in the water and increasing leaf biomass later during the summer our calculations indicate that leaf uptake should exceed root uptake.
On an annual basis roots and leaves should contribute about equally to total uptake. Similar conclusions, also using calculations based on nitrogen uptake kinetics, were reached by Zimmerman et al. (1987) and Hemminga et al. (1991) but they conflict with the general assumption that the sediment comprises the main source of nutrients for rooted macrophytes (e.g. Carignan & Kalff 1980 , Barko & Smart 1981 . However, calculations of nutrient uptake based on uptake kinetics may, like in our study, overestimate actual uptake when extrapolated to a total annual cycle. The discrepancy between kinetic-and mass-balance-based uptake rates were small during summer but large during the period of high nutrient availability and low growth in winter, leaving room for substantial error. The question of eelgrass root versus leaf uptake, therefore, needs direct experimental documentation to be answered.
Nitrogen is reclaimed from old eelgrass tissues before these are lost, and thereby the demand for external nitrogen is reduced (Borum et al. 1989 , Pedersen & Borum 1992 . We found that nitrogen reclamation accounted for 12 % of the nitrogen incorporation into newly formed tissues during the late summer period of 1988 (Pedersen & Borum 1992) . In a review on nitrogen dynamics in eelgrass Hemminga et al. (1991) proposed a 25% reduction of annual nitrogen requirements due to internal recycling, which corresponds well to the 27 % of annual nitrogen incorporation estimated in the present study. Though nitrogen reclamation covered less than one third of total annual nitrogen incorporation into new tissues, this conservation mechanism accounted for more than 50% of the incorporation during the critical period of maximum eelgrass growth in May and June. The importance of nitrogen reclamation for total annual incorporation depends on winter survival of the eelgrass population. If the spring biomass of eelgrass is IOW (due to heavy winter storms or ice scouring), like in spring 1989, the relative contribution from reclamation to annual nitrogen incorporation is low, but if spring biomass is high, like in spring 1988, reclamation contributes more. However, independent of surviving biomass, internal nitrogen recycling is important by sustaining high eelgrass growth during early summer, when external nitrogen availability is low.
Reclamation of nutrients is a well-known phenomenon in perennial, terrestrial plants (Chapin 1980 , Jonasson 1989 , Chapin & Moilanen 1991 , and was recently documented for eelgrass (Borum et al. 1989 , Pedersen & Borum 1992 . Internal recycling of nutrients has been shown to be positively related to nutrient pool-size within terrestrial plants (e.g. Chapin & Kedrowski 1983), and the same seemed to be the case for eelgrass. During winter and spring, uncoupled nutrient uptake and plant growth allowed nitrogen accumulation within eelgrass, as has been reported for perennial macroalgae (Chapman & Craigie 1977 , Zimmerman & Kremer 1986 . Therefore a large internal pool of nitrogen was open to reclamation at the beginning of the active growth season, and nitrogen could be internally recycled during May and June. Reclamation decreased dramatically in July and onwards, when nitrogen concentrations in the older leaves dropped to below 1.0% of dry weight. This suggests that there is a minimum or residual nitrogen content located in structural cell components which cannot be remobilized and reallocated, and that reclamation ceases when the nitrogen content of older leaves approaches this level.
Nutrients for eelgrass growth may also be externally recycled within the seagrass bed. Nitrogen incorporation can be separated into 'new' and 'regenerated' nitrogen, although the meaning of these terms in a seagrass context differs slightly from that of the oceanographic analogues (sensu Dugdale & Goering 1967) .
'New' nitrogen, here defined as nitrogen originating from all sources but eelgrass itself, is imported as dissolved inorganic nitrogen in the water-phase, as organic seston being trapped and mineralized within the meadow (Fonseca et al. 1982) , and as N, fixation in the seagrass rhizosphere (Capone 1982) . 'Regenerated' nitrogen originates partly from internal recycling but also from eelgrass tissues decomposing inside the bed. Shed leaves are either trapped in or exported from the bed (Hemminga et al. 1991 , and references therein), while dead roots and rhizomes almost always decompose within the sedirnents of the bed providing close contact between source (detrital matter) and sink (live eelgrass roots).
Mineralized nitrogen may diffuse to the water column or be lost through enhanced denitrification activity in the macrophyte bed (Henriksen & Kemp 1988 , Caffrey & Kemp 1990 . However, reported rates of denitrication in eelgrass beds are moderate (1 to 2 g N m-2 yr-l; e.g. Iizumi et al. 1980 , Kaspar 1983 ) and only seem to balance import through N2 fixation (up to 2.4 g N m-' yr-l; e.g. Capone 1982 , Kenworthy et al. 1987 ). If we assume that all nitrogen from decomposing roots and rhizomes was recycled back to live eelgrass, external recycling could provide 7.8 g N m-' yr-l, or 23 % of total nitrogen incorporation. This figure may be higher due to decomposition of trapped leaves inside the meadow, or lower if the remineralized nutrients escape the sediment or are taken up by other organisms in competition with eelgrass. Accordingly, internal plus external recycling of nitrogen may potentially account for more than half of the nitrogen incorporated into eelgrass growth annually. However, this may not be the case for newly established eelgrass meadows increasing in meadow size, plant size, and plant density; initially such meadows may rely on 'new' nitrogen and only with further development of the meadow does externally 'regenerated' nitrogen become important.
Several subtropical and tropical seagrasses form dense beds and have a similar life-form and growth strategy as eelgrass. We suggest that future work on the nutrient dynamics of such seagrasses inhabiting more permanently nutrient-poor areas should focus on sources for nutrient uptake and assessment of both internal and external recycling to evaluate whether these species use the same strategies as eelgrass in obtaining sufficient nutrients to support high annual rates of production.
